The subfamily Gammaherpesvirinae includes human and animal herpesviruses that preferentially infect lymphoid cells, where they establish latent infections and, for select viruses, cause malignant cell transformation. The gammaherpesvirus (GHV) genus Macavirus currently includes nine species, the type species Alcelaphine herpesvirus 1 (AlHV-1), AlHV-2, Ovine herpesvirus 2 (OvHV-2), Caprine herpesvirus 2 (CprHV-2), Bovine herpesvirus 6 (BoHV-6), Hippotragine herpesvirus 1, and Suid herpesvirus (SuHV; previously known as porcine lymphotropic viruses) 3, 4 and 5. Related yet uncharacterized viruses have been detected in blood from a wide range of healthy wild ruminants (Li et al., 2005) .
Macaviruses infect domestic and wild ruminants and swine, causing asymptomatic infections in reservoir hosts (Ackermann, 2006) . When infecting other species, however, macaviruses can cause disease. For example, AlHV-1 and OvHV-2 cause subclinical infections in reservoir wildebeest and sheep, respectively, but in cattle and other ruminants cause malignant catarrhal fever, an often-fatal lymphoproliferative disease characterized by accumulation of lymphocytes in a variety of organs (Russell et al., 2009; O'Toole & Li, 2014) . Other macaviruses, including BoHV-6 and SuHV-3, 4 and 5, have not been associated with natural disease in either reservoir or heterologous species, despite being prevalent in cattle and swine (Van der Maaten & Boothe, 1972; Rovnak et al., 1998; Ehlers et al., 1999; Chmielewicz et al., 2003) .
BoHV-6, previously known as bovine lymphotropic virus, was first isolated from leukocytes of lymphosarcomatous cattle in the USA, and subsequently reported in Europe and Canada (Van der Maaten & Boothe, 1972; Cobb et al., 2006; Gagnon et al., 2010; Garigliany et al., 2013; Kubiś et al., 2013) . The USA isolate, strain Pennsylvania 47, is strongly cell-associated, syncytiogenic, slow to grow in tissue culture, and serologically related to bovine GHVs ( Van der Maaten & Boothe, 1972; Osorio et al., 1985) . Phylogenetic analysis showed that BoHV-6, together with current macaviruses, represented a group distinct from other GHVs (Rovnak et al., 1998; Chmielewicz et al., 2001) . Notably, BoHV-6-specific DNA sequences were detected in peripheral blood mononuclear cells from 52-87 % and 30 % of healthy adult cattle and calves sampled, respectively (Rovnak et al., 1998; Collins et al., 2000; Kubiś et al., 2013) . Together, these results indicate that BoHV-6 is ubiquitous in healthy cattle and suggest that infection occurs at a young age. Although BoHV-6 DNA has been detected in cows with reproductive conditions, experimental data supporting a causative association between BoHV-6 and disease is lacking (Cobb et al., 2006; Banks et al., 2008; Gagnon et al., 2010; Garigliany et al., 2013) . The transmission mode of BoHV-6 is unknown.
Macavirus genomes (AlHV-1 and OvHV-2) indicate an overall structure similar to genomes of viruses from the genus Rhadinovirus and the reference sequence from herpesvirus saimiri (HVS) (Albrecht et al., 1992) . This includes a single, unique coding region of low G+C content (L-DNA) and a repetitive region of high G+C (H-DNA). Comparative analyses demonstrated organizational conservation, but sequence divergence within coding regions and variable gene content located between larger conserved regions in the L-DNA fragment (Ensser et al., 1997; Goltz et al., 2002; Hart et al., 2007) . These data provide a basis for understanding differences in macavirus infection biology. Here we present genomic sequence and analysis of the genome of the macavirus BoHV-6, strain Pennsylvania 47.
High throughput sequencing of BoHV-6 was conducted to assemble complete BoHV-6 L-DNA genomic sequences. Total DNA was extracted from the supernatant of Madin Darby Bovine Kidney cells (MDBK; ATCC CCL22) infected with BoHV-6 strain Pennsylvania 47, using the QIAamp DNA Blood Mini kit (Qiagen). DNA was used for library preparation using the Nextera XT sample preparation kit (Illumina). Sequencing was performed using the Illumina MiSeqV3 platform at the University of Illinois Biotechnology Center (Urbana, IL, USA), and data were assembled with Ray (Boisvert et al., 2010) .
Overall, the BoHV-6 genome was similar in structure to other macavirus genomes (Essner et al., 1997; Hart et al., 2007) , including unique L-DNA coding sequences and a repetitive H-DNA region with repeats of 1022 bp. Data resolved the genome, except across the H-DNA repeat, of which two copies assembled at each contig termini, yielding a final linear contig of 144 898 bp. Mapping data (1 128 744 paired-end 250 bp reads mapped) to the assembled contig (Gordon & Green, 2013 ) allowed estimation of at least ten copies of the H-DNA repeat in the BoHV-6 genome. Additional high-scoring repeat sequences within the L-DNA segment at positions 15.5-17.7 kbp, 46.3-47.2 kbp and 130.3-134 kbp were identified (Rice et al., 2000; Betley et al., 2002) .
Coding potential of BoHV-6 was similar to sequenced macaviruses. ORFs were identified using EMBOSS and GeneMarkS and analysed using BLAST and FASTA packages (Altschul et al., 1990; Besemer et al., 2001; Pearson & Lipman, 1988 ). BoHV-6 was predicted to contain 77 genes, with the majority representing homologues of conserved rhadinovirus genes (Albrecht et al., 1992 , Ensser et al., 1997 , Hart et al., 2007 (Table 1 ). BoHV-6 contained ORFs (Bov2, ORF29, ORF40/ORF41, ORF50, Bov6, Bov8, ORF57) predicted to be spliced based on conservation with OvHV-2 and other GHVs (Wang & Marín, 2006) (Table 1 ). BoHV-6 homologues of macavirus genes were similarly arranged in syntenic blocks of conserved GHV core genes, with rhadinovirus-specific genes and non-coding regions interspersed between and adjacent to syntentic blocks (Table 1) . The sizes of these variable regions differed between macaviruses, with the block I/II and block IV/right terminal junction sequences differing in size by up to approximately 5.5 kbp. Notably, the variable left-end L-DNA sequence was twice as large in BoHV-6 as in OvHV-2 and AlHV-1 (approx. 26 kbp vs 12 kbp). Several ORFs unique to BoHV-6 were identified in this region; however, the variable leftend sequence lacking obvious coding potential remained large (approx. 16 kbp) relative to OvHV-2 and AlHV-1.
BoHV-6 herpesvirus gene orthologues were generally most similar to those from AlHV-1 and OvHV-2, sharing an average of 50 % amino acid identity. This was consistent with previous analysis of nearly identical sequence from the virus initially characterized as BoHV-6 (99 % identity to GenBank accession no. AF031808 within the DNA polymerase gene) (Rovnak et al., 1998) , which demonstrated BoHV-6 to cluster within the macavirus tree, closer to but distinct from a AlHV1/OvHV2/CprHV2 subgroup relative to SuHV-3, 4 and 5 (Chmielewicz et al., 2003; Ehlers & Lowden, 2004) . This relationship was confirmed by analysis of multigene data available using the genomic sequence presented here, suggesting that BoHV-6 is a macavirus distinct from porcine and AlHV-1/OvHV-2 sublineages ( Fig. 1 ). ORF019 through ORF046 were concatenated, aligned (Katoh et al., 2002) , screened for conserved sequence (Castresana, 2000) , and 7710 aligned amino acids used for maximum-likelihood analysis (Guindon & Gascuel, 2003) . Novel viruses that group closely with BoHV-6 relative to OvHV-2 and AlHV1, defining sublineages of ruminant herpesviruses, have been described (Ehlers & Lowden, 2004) . Thus, the BoHV-6 sequence presented here probably represents a prototype for one of these sublineages.
BoHV-6 contains a novel complement of genes relative to characterized macaviruses and GHVs. These included Bov2, Bov4.5, Bov5, Bov6, Bov7, Bov8 and Bov9 (Table  1) . Like AlHV-1 and OvHV-2, BoHV-6 contained two genes, Bov4.5 and Bov9, encoding Bcl-2 homologues, with Bov4.5 a homologue of EBV BALF1, known to affect apoptosis in vitro and in vivo (Bellows et al., 2002) . Bov5 encoded a G protein-coupled receptor (GPCR) homologue of GHV proteins, including those affecting viral oncogenesis and pathobiology as constitutively active GPCRs and/ or mediators of immune evasion (Paulsen et al., 2005; Zuo et al., 2009) . Bov8 was a homologue of putative macavirus glycoproteins and similar positionally to rhadinovirus cellbinding glycoproteins, including BoHV-4 Bo10, which is alternatively spliced to affect cell tropism (Machiels et al., 2011 (Machiels et al., , 2013 . Bov2 and Bov6 shared limited similarity to spliced GHV genes which encode known or predicted transcription factors. Notably, BoHV-6 contained sequences (position 10 594-10 822) similar to the C-terminal two (of five) exons of cellular and OvHV-2 (Ov2.5) IL-10. While Cterminal peptides of cellular IL-10 may exhibit a range of immunological properties (Gesser et al., 1997) , presence of these sequences in BoHV-6 in the absence of obvious Nterminal exons suggests that novel spliced viral IL-10 variants may occur in BoHV-6. BoHV-6 lacked obvious homologues of genes present in AlHV-1 and OvHV-2, including the semaphorin present in other GHVs and speculated to be involved in modulation of host immune responses. Absent in BoHV-6 were macavirus ORFs of unknown function, including A1 from AlHV-1, ORF3.5 putative secreted protein from OvHV-2, ORF8.5 repeat protein from OvHV-2 and A10/Ov10 putative nuclear protein from AlHV-1 and OvHV2. Contributing to the novel BoHV-6 gene complement were BoHV-6 ORFs absent in other macaviruses (Table 1) . Four of these were small, novel ORFs dispersed across the large left terminal genomic region. Other BoHV-6-specific genes were located between conserved blocks II/III (Bov11.b2) and in the right terminal region. These novel ORFs conceivably confer novel function to BoHV-6 relative to macavirus relatives.
Most notably, BoHV-6 encoded a protein (Bov2.b2) similar to cellular ornithine decarboxylase (ODC). ODC-like proteins include ODC, which catalyses the first and rate-limiting step in the biosynthesis of polyamines, and antizyme inhibitor (AZI) of ODC, an ODC-like protein involved in ODC regulation but lacking decarboxylase activity. Polyamines are small cationic organic molecules affecting many cellular processes, including cell proliferation (Cohen, 1998) .
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0.1 Fig. 1 . Phylogenetic analysis of BoHV-6. Maximum-likelihood tree from concatenated protein datasets (ORF19 through ORF46). GenBank accession nos are noted with appropriate taxa. Bootstrap analysis (100 replicates) indicated 100 % support at all nodes. Bar, 0.1 estimated changes per amino acid position. the transcriptional, translational, and post-translational levels, the latter operating through protein degradation (Pegg, 2006) . ODC is highly labile and has a very short halflife, with its abundance regulated by a family of polyamineinduced proteins called antizymes, which bind to, and inactivate, ODC by preventing dimerization and targeting enzyme monomers for ubiquitin-independent, 26S proteasome-dependent proteolysis (for reviews, see Coffino, 2001; Pegg, 2006) . In ODC, an N-terminal domain is required for high-affinity antizyme binding, while C-terminal PEST element and adjacent sequences control antizyme-mediated proteolysis (Ghoda et al., 1989 , Li & Coffino, 1992 . Indirect control of ODC activity is mediated by AZI, which binds antizyme to release, and effectively prevent degradation of, ODC. AZI thus is a positive regulator of the polyamine pathway.
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Bov2.b2 was 53-56 % and 42-44 % identical in amino acid sequence to vertebrate ODC and AZI, respectively, and encoded 238-residue N-terminal PLP-binding (PFAM PF02784.8) and 114-residue C-terminal (PFAM PF00278.14) domains. Bov2.b2 contained the 18 amino acids required for decarboxylase activity (Fig. 2) , including residues homologous to human Lys69, critical for PLP binding, and Cys360, believed to perform the nucleophilic attack of ornithine, and several residues involved in PLP stabilization, substrate interaction, protein dimerization, and domain structure (Pegg, 2006; Ivanov et al., 2010) . Among the latter are four residues (Asp88, Arg154, Arg277 and Tyr389) that are not conserved in AZI. Likewise, the putative antizyme binding site in Bov2.b2 was more similar to the homologous site in ODC than in AZI (68 % vs 54 % amino acid identity, respectively). The only residue directly contacting substrate and differing between Bov2.b2 and mammalian ODC was at position 332 ( Fig. 2) , one of several residues affecting substrate preference (Shah et al., 2004) . Similar to AZI, Bov2.b2 lacked 23 Cterminal residues that comprise most of the mammalian ODC PEST element. Also lacking in Bov2.b2 and AZI were the last five amino acids of mammalian ODC (ASINV), which have been shown to affect ODC stability (Ghoda et al., 1989 (Ghoda et al., , 1992 Macrae & Coffino, 1987) . Together, the data suggest that Bov2.b2 encodes a bona fide decarboxylase that might exhibit enhanced stability in virus-infected cells relative to host ODC. However, a possible role for Bov2.b2 as a novel AZI cannot be excluded.
Bov2.b2 is the first reported ODC-like protein encoded in a fully nuclear-replicating virus. Viral ODC-like genes have been previously reported only in three nucleocytoplasmic large DNA viruses (NCLDVs). These include chlorella viruses, which infect chlorella-like green algae, Yoka poxvirus, a virus isolated from mosquitos, and mimivirus Cafeteria roenbergensis virus, which infects zooplankton (Lu et al., 1996; Fischer et al., 2010; Zhao et al., 2011) .
Catalytic activity has only been demonstrated for decarboxylase of Paramecium bursaria chlorella virus 1 (PBCV-1) (Morehead et al., 2002) . Bov2.b2 was less similar to NCLDV ODCs (29 % and 40 % amino acid identity) than to mammalian ODC, however, probably reflecting independent acquisitions of host genes and potentially a novel role during infection.
The role(s) of viral ODC/AZI (or even polyamines) during infection remains unknown. In terms of polyamine dynamics, viral expression of either an ODC or an AZI should, in principle, lead to increased polyamine synthesis. Polyamines are essential molecules implicated in various cellular functions, including cell cycle and proliferation. The pro-proliferative role of polyamines has received particular attention, as ODC and polyamines are required for G 1 progression and cell transformation, and ODC is a critical target for the oncogene Myc, known for its ability to drive quiescent cells into the cell cycle (Auvinen et al., 1992; Gerner & Meyskens, 2004; Nilsson et al., 2004 
